Dopamine neurons in the ventral tegmental area (VTA) are strongly implicated in cognitive and affective processing as well as in psychiatric disorders, including schizophrenia, depression, attention-deficit hyperactivity disorder and substance abuse disorders. In human studies, dopamine-related functions are routinely assessed using functional magnetic resonance imaging (fMRI) measures of blood oxygenation-level-dependent (BOLD) signals during the performance of dopamine-dependent tasks. There is, however, a critical void in our knowledge about whether and how activation of VTA dopamine neurons specifically influences regional or global fMRI signals. Here, we used optogenetics in Th::Cre rats to selectively stimulate VTA dopamine neurons while simultaneously measuring global hemodynamic changes using BOLD and cerebral blood volume-weighted (CBVw) fMRI. Phasic activation of VTA dopamine neurons increased BOLD and CBVw fMRI signals in VTA-innervated limbic regions, including the ventral striatum (nucleus accumbens). Surprisingly, basal ganglia regions that receive sparse or no VTA dopaminergic innervation, including the dorsal striatum and the globus pallidus, were also activated. In fact, the most prominent fMRI signal increase in the forebrain was observed in the dorsal striatum that is not traditionally associated with VTA dopamine neurotransmission. These data establish causation between phasic activation of VTA dopamine neurons and global fMRI signals. They further suggest that mesolimbic and non-limbic basal ganglia dopamine circuits are functionally connected and thus provide a potential novel framework for understanding dopamine-dependent functions and interpreting data obtained from human fMRI studies.
INTRODUCTION
The mesolimbic dopamine circuitry figures prominently in many models of psychiatric disorders, such as addictive disorders, 1,2 schizophrenia, 3 and mood and anxiety disorders. 4, 5 Central to this circuitry and the associated disorder models are dopamine neurons in the ventral tegmental area (VTA) that project to the traditional limbic regions, such as the nucleus accumbens (NAc), amygdala and the prefrontal cortex. 6 The mesolimbic system is generally thought to be functionally distinct from dopamine-innervated basal ganglia regions, including the dorsal striatum (DS), which are implicated in action selection and movement disorders. 7, 8 Accordingly, with a few exceptions, 9, 10 human investigations of addictive disorders, 11 schizophrenia [12] [13] [14] and mood disorders 15, 16 have primarily focused on functional magnetic resonance imaging (fMRI) activity in VTA-innervated limbic regions as a measure of dopamine-related dysfunction. Studies of 'normal' VTA dopamine-related functions, such as reward prediction error signaling and encoding of motivational salience, in healthy individuals have also focused on these limbic regions, especially the NAc region of the ventral striatum (VS). 13, 17, 18 Despite the abundance of fMRI studies characterizing normal and abnormal blood oxygenation-level-dependent (BOLD) signals in VS and other mesolimbic areas, whether VTA dopamine neuron activity and subsequent dopamine release directly contribute to these BOLD signals is unclear. Most theories on the origin of BOLD signals are centered on glutamate release, 19, 20 and the evidence for dopamine activity contributing to fMRI responses are from indirect observations. For example, systemic administration of psychostimulants, such as amphetamine and cocaine, and D1/D2 agonists/antagonists modulates fMRI signals. [21] [22] [23] These effects, however, could be mediated by peripheral/global vascular changes, activation of other adrenergic or serotonergic systems, or alteration of glutamate signaling by psychostimulants. 24 In addition, systemic drug studies cause artificially prolonged changes in dopamine release or receptor activation. This may not model the physiological mechanism of dopamine neuron signaling during behavior, in which dopamine neurons are transiently activated in response to cues and outcomes. 25 The current study sought to establish causation between phasic activation of VTA dopamine neurons and global fMRI responses in the forebrain. We combined optogenetics with fMRI (opto-fMRI) in Th::Cre rats, which allowed us to selectively and transiently stimulate VTA dopamine neurons while simultaneously measuring fMRI signals. We used endogenous BOLD contrast for fMRI because of its relevance to neural measures in human studies. The BOLD response, however, may be influenced by nonspecific contributions of large blood vessels. 26 Thus, we also examined cerebral blood volume-weighted (CBVw) fMRI changes using Feraheme as a contrast agent, which reduces sensitivity to large blood vessels and enhances spatial specificity to neural activity. 27, 28 We predicted that the strongest change in fMRI activity would be observed in regions such as the VS that are densely innervated by VTA dopamine neurons. We found, however, that basal ganglia regions such as the DS and globus pallidus (GP) that receive sparse or no VTA dopaminergic innervation were also activated, with activation being much stronger in DS than VS.
MATERIALS AND METHODS Animals
Transgenic Th::Cre rats that express Cre recombinase under the control of the tyrosine hydroxylase (TH) promoter 29 (gifted by Dr Karl Deisseroth, Stanford University) and their wild-type litter mates were bred in-house by pairing Th::Cre rats with wild-type Long Evans rats (Harlan, Frederick, MD, USA). All rats (Th::Cre: n = 9, wild-type: n = 4) were housed in a 12-h reverse light/dark cycle with lights on at 7 pm. All fMRI scans were performed in male adult rats (4-10 months), maintained at~400 g. Experiments were conducted according to the ethical guidelines of the Institutional Animal Care and Use Committee at the University of Pittsburgh.
Stereotaxic surgery
Under isoflurane anesthesia, Th::Cre and wild-type rats were unilaterally injected in the VTA with recombinant adeno-associated viral (AAV) vector constructs containing the gene encoding channelrhodopsin-2 fused with an enhanced yellow fluorescent protein (ChR2-eYFP) under the Cre promoter (AAV5-Ef1α-DIO-ChR2-eYFP, University of North Carolina Vector Core, Chapel Hill, NC, USA). 1-μl injections were made at four VTA sites (AP = − 5.0 and 6.0 mm, ML = 0.7 mm, DV = 7.0 and 8.2 mm) (adapted from Witten et al. 29 ) at a rate of 0.1 μl min − 1 using a microsyringe (Hamilton, Reno, NV, USA) and a pump (World Precision Instruments, Sarasota, FL, USA). Plastic (240-μm core diameter, 0.63 NA) or silica (200-μm core diameter, 0.22 NA) optical fibers (Doric Lenses, Quebec, QC, Canada) were then implanted dorsal to VTA (AP = − 5.5 mm, ML = 0.6-0.7 mm, and DV = 7.0-7.3 mm). All AP/ML and DV measurements are in reference to the Bregma and the brain surface, respectively. 30 Nylon screws (PlasticsOne, Roanoke, VA, USA) and dental cement were used to secure the implant. Optical fibers were implanted either during the viral infusion surgery or~6 weeks later. All experiments, behavioral and fMRI, were conducted at least 6 weeks after the viral infusion surgeries.
Characterizing virus integration
Post-imaging histology was used to establish colocalization of TH and ChR2-eYFP in dopamine cell bodies (see histology and immunohistochemistry below). All but two Th::Cre rats showed sufficient ChR2-eYFP integration in VTA.
Histology and immunohistochemistry
Immediately after the termination of fMRI experiments, animals were anesthetized with an intraperitoneal injection of pentobarbital (120 mg kg − 1 equivalent, Euthasol, Virbac AH, Fort Worth, TX, USA) and transcardially perfused with 0.9% saline and 4% paraformaldehyde, diluted from 32% paraformaldehyde solution (Electron Microscopy Sciences, Hatfield, PA, USA). Brains were fixed in 4% paraformaldehyde overnight at 4°C and then transferred to a 20% sucrose solution. Frozen brains were sectioned at 35 μm, and optical fiber placements in VTA were verified by staining coronal brain slices with cresyl violet. To examine the expression of ChR2-eYFP in dopamine neurons of VTA, VTA coronal slices were treated with 1% sodium borohydride in 0.1 M sodium phosphate buffer solution, rinsed with the buffer, and incubated in primary and secondary antibody solutions. The primary antibody solution contained mouse anti-TH antibody (1:2000; #MAB318, EMD Millipore, Billerica, MA, USA), chicken anti-EGFP antibody (1:1000; #ab13970, Abcam, Cambridge, MA, USA), 10% Triton-X and normal donkey serum dissolved in phosphate buffer solution. The secondary antibody solution consisted of Cy3-tagged donkey antimouse antibody (1:500; Jackson ImmunoResearch, West Grove, PA, USA), Alexa Fluor 488-tagged donkey anti-chicken secondary antibody (1:500, Jackson ImmunoResearch), 10% Triton-X and normal donkey serum. After antibody reactions, sections were washed in phosphate buffer and mounted onto slides. A confocal laser scanning microscope (Olympus Fluoview FV1000, Olympus, Melville, NY, USA) was used to visualize expression of ChR2-eYFP in VTA dopamine neurons. To quantify colocalization of TH and EYFP in dopamine cell bodies, Z-stack (step size: 1 μm) images were acquired at × 40 from random locations in the VTA of all Th::Cre rats that showed sufficient ChR2-eYFP integration. To better identify EYFP+ cell bodies in the VTA of these rats and to accurately determine the specificity of ChR2 expression, slides from a subset of animals (n = 4 Th::Cre rats) were further processed with 4',6-diamidino-2phenylindole (DAPI) nuclear staining. These slides were coverslipped with a DAPI-containing mounting medium (Vectashield, Vector Labs, Burlingame, CA, USA), and Z-stack (step size: 1 μm) confocal images were acquired either at × 100 or × 40 combined with × 2.5 True Zoom (Olympus Fluoview FV1000) from random locations in VTA to quantify triple colocalization of TH, ChR2-eYFP and DAPI. Image locations were randomly sampled within the right VTA by manually moving the microscope XY stage, such that the fields of view were non-overlapping and distributed throughout medial, middle and lateral VTA. ImageJ was used to count the number of cell bodies.
Self-stimulation behavior
Behavior. A subset of rats were tested in an intra-cranial self-stimulation (ICSS) task 2-20 days before the fMRI experiment. Although ICSS behavior is a crude measure of dopamine activation and was not used as an inclusion/exclusion criterion, we reasoned that it may provide a prehistological assessment of virus integration. Behavioral experiments were conducted in an operant box (Coulbourn Instruments, Whitehall, PA, USA) equipped with a nose poke port. Optical fiber implants were connected to a patch cord (200-μm core diameter and 0.22 NA; Doric Lenses), attached to a 473-nm blue laser diode (OEM Laser Systems, Midvale, UT, USA) and controlled by a Master-8 stimulator (A.M.P.I., Jerusalem, Israel). Without prior training, rats were given two behavioral sessions over two consecutive days. Each session started as soon as the rats were placed in the operant box and lasted 1 h. In the first session, nose poke ports were baited with sugar pellets to facilitate exploration, and nose pokes resulted in blue laser (~473 nm) VTA stimulation (20 Hz, 20 pulses, 5-ms pulse width, 5-8 mW output at the optical fiber tip at steady state). In the second session, nose pokes only resulted in VTA stimulation, and sugar pellets were not available.
Behavioral data analysis. The total number of nose pokes per session was quantified for each rat. Rats were categorized as behaviorally responsive to stimulation if they executed a total number of nose pokes greater than the upper 99.9% confidence limit of the total nose pokes executed by wildtype controls in Session 2. On the basis of this criterion, two Th::Cre rats were categorized as behaviorally non-responsive (NB Th::Cre), and these were the same rats with poor ChR-eYFP integration in VTA.
Imaging procedures during VTA stimulation
Animal preparation. Rats were induced with 5% and maintained with 2% isoflurane gas in a mixture of 30% O 2 and 70% N 2 gases during surgery. Rats were intubated and mechanically ventilated (TOPO dual mode ventilator, Kent Scientific, Torrington, CT, USA). The ventilation rate was maintained at 55-60 breaths per min, while the ventilation volume and ratio of the humidified medical air+O 2 gas mixture were adjusted to maintain oxygen levels at 27-28% and end-tidal CO 2 at 3-4% (Capnomac Ultima, Datex-Engstrom, Helsinki, Finland). The right femoral artery and vein were catheterized for physiological monitoring and administration of 5% dextrose and contrast agent, respectively. Pancuronium bromide (1-2 mg kg − 1 , intravenous) was administered as a muscle relaxant and paralytic.
For hemodynamic measurements, isoflurane was reduced and maintained at 0.7-1.0%. The mean arterial blood pressure (MABP) was monitored through the arterial line and was maintained between 70 and 130 mm Hg (MP150, BioPac Systems, Goleta, CA, USA). In addition, the rat rectal temperature was maintained at 37 ± 1°C using a warm water circulator, and a 0.9% saline, 5% dextrose and 0.33 mg kg − 1 h − 1 atropine supplemental fluid was administered intravenously at 1.0 ml kg − 1 h − 1 .
Optical stimulation of VTA. For VTA stimulation, a plastic patch cord (240-μm core diameter, 0.63 NA, 6-m long; Doric Lenses), attached to a 473-nm blue laser diode (CrystaLaser, Reno, NV, USA) and controlled by a Master-8 pulse generator (A.M.P.I.), was connected to the implanted optical fiber with a zirconia sleeve (Doric Lenses). The light power output was calibrated at the tip of the optical fiber with a broadband power meter (Melles Griot, Carlsbad, CA, USA). The right VTA was stimulated with a Global impact of dopamine neuron activation S Lohani et al pulsed train of light (20 Hz, 5-ms pulse width, 20 s, 2.5-7.5 mW). The laser power level was optimized to elicit maximal activation in downstream areas without evoking a MABP change in Th::Cre rats, but it was fixed at 5 mW in wild-type rats. The same laser power was used for BOLD and CBVw fMRI within the same rat. The onset and offset times for the pulse paradigms were controlled by the MRI acquisition computer.
MRI experiments. All MRI experiments were performed on a 9.4-T/31-cm MR system interfaced by a DirectDrive console (Agilent Technologies, Santa Clara, CA, USA) and an actively shielded gradient coil with a 40-G cm − 1 peak gradient strength and 120-μs rise time (Magnex, Oxford, UK). The head of the rat was fixed in a non-magnetic head restraint with a bite bar and ear plugs. A custom-built surface coil was placed on the surface of the head and used for radio-frequency excitation and reception.
Anatomical MRI. Anatomical images (128 × 128 matrix size, 16 × 16 mm 2 field-of-view (125 × 125 μm 2 in-plane resolution)) were acquired using a fast spin-echo sequence and the following parameters: 5.0-s repetition time (TR), train of 8 echoes per segment, 40.7-ms effective echo time (TE), and 4 averages. Seven or eight 1-mm-thick slices were acquired with no gap between slices, and the anterior commissure was always centered in the fourth slice.
fMRI data acquisition. We measured two types of fMRI contrasts: endogenous BOLD, followed by contrast-enhanced CBVw fMRI (single intravenous bolus of Feraheme (ferumoxytol, AMAG Pharmaceuticals, Waltham, MA, USA), 15 mg Fe per kg) using a gradient-echo echo-planar imaging sequence with the same field-of-view as the anatomical images: 16 × 16 mm 2 , 64 × 64 matrix size (250 × 250 μm 2 in-plane resolution), 500-ms TR with two segments (1-s effective TR), seven to eight slices and two dummy scans. The effective TEs were variable for BOLD (12-14 ms) and CBVw fMRI (2.5-14 ms). We varied the TE values to reduce susceptibility effects (that is, to improve our baseline signal-to-noise ratio (SNR)) while still maintaining a high detection sensitivity (that is, contrastto-noise ratio) in each animal. The optimal flip angle was determined by acquiring baseline fMRI images at increasing flip angles and selecting the one that had the maximal signal within the striatum. A single fMRI run consisted of five baseline (5 s) images followed by four concatenated VTA stimulation periods, each consisting of 20 stimulus-evoked (20 s) followed by 40 recovery images (40 s) for a total of 245 images per run.
fMRI data analysis
Data were pre-processed and individual functional maps were calculated using SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK). In addition, a quantitative region-of-interest (ROI) analysis on selected brain regions and a group map analysis were performed. Group comparisons were made between wild-type rats and those Th::Cre rats with sufficient ChR2 integration in VTA. Data from the Th::Cre rats (n = 2) that showed poor ChR2 integration (which were the same rats that were behaviorally nonresponsive) were analyzed as a separate group designated as NB Th::Cre.
Single animal functional maps. Reconstructed images were spatially realigned, linearly detrended, and the normalized difference of the fMRI series (% signal change) was calculated ((S t − S 0 )/S 0 , where S 0 is the mean of the baseline images and the second half of each of the four recovery periods) using home-written Matlab code (MathWorks, Natick, MA, USA). Motion realignment was performed on a run-by-run basis by co-registering the average S 0 baseline fMRI image of each run to that of the first run using a rigid-body, three degree-of-freedom transformation (3-DOF: translations in x and y axes, and rotation about the z axis). Stimulus-evoked increases in CBV cause the raw CBVw fMRI signal to decrease. Therefore, the signs of the CBVw signal changes were reversed so that increased changes represent CBV increases. Repeated fMRI time series of the same stimulation type and parameters were concatenated for subsequent analysis in SPM8. T-value maps were calculated using a general linear model in SPM8. The fMRI time series × 2 column design matrix consisted of a constant, baseline variable and a predicted hemodynamic response function that was calculated by convolving the concatenated block-stimulation paradigm with the default SPM8 BOLD hemodynamic response function or a previously reported CBVw impulse response function. 31 The effect estimates for each respective variable (β-maps) were then calculated from the pre-processed and concatenated fMRI time series. The resulting β-maps were then used to calculate the t-value functional maps. These functional maps were co-registered to the anatomical images and linearly interpolated to a 128 × 128 matrix size (voxel size: 125 μm × 125 μm × 1 mm) to match the anatomical space.
Baseline SNR and baseline blood volume (BV) index maps were also calculated to examine the influence of these factors on the fMRI activation maps. BOLD and CBVw SNR maps were calculated from the mean of the respective fMRI baseline images (S 0 ) divided by their standard deviation. BV index maps were calculated from the baseline before (pre-S 0 ) and after (post-S 0 ) Feraheme injection images that were acquired with the same TE: ln (pre-S 0 /post-S 0 )/TE. 32 Group map analysis. To perform voxel-wise statistical testing across rats, individual functional maps were normalized to a similar anatomical space using SPM8. These transformations were estimated using the anatomical image volumes from each rat, with one representative rat serving as the template. The resulting co-registered anatomical volumes were then averaged and, subsequently, used as the mean anatomical underlay for the group functional maps. Next, the estimated transformations were applied to the corresponding functional maps (previously registered to the anatomical images). The functional maps were then analyzed in SPM8 using one-sample t-tests for each group (Th::Cre and wild-type) in the second-level analysis to generate group t-maps. A single covariate column for TEs was added in the analysis to exclude the effects of the variable TEs in the group functional maps, although we observed no significant effects of the varied TE for BOLD and only small effects caused by the varied TE for CBVw maps (data not shown). Voxel-wise and family-wise error correction thresholds for Th::Cre group maps were set to Po0.025. We chose a moderately conservative voxel-wise threshold of Po 0.025 to confidently display meaningful fMRI activations in the Th::Cre group maps. We also applied a family-wise correction threshold of Po0.025 (cluster size = 28 voxels) to correct for type 1 errors due to multiple comparisons after voxelwise statistical tests. To verify that the selected thresholds were appropriate, group maps for Th::Cre rats were also generated at other thresholds (voxel-wise = Po0.025, family-wise = none (cluster size = 0 voxels); voxel-wise and family-wise = Po0.05, cluster size = 42 voxels; voxel-wise and family-wise = Po 0.01, cluster size = 19 voxels). The appropriate cluster sizes (19, 28 and 48 voxels for family-wise thresholds of Po0.01, Po0.025 and Po 0.05, respectively) were determined by the 3dClustSim function in AFNI (Analysis of Functional Neuroimages) software 33 using information about the image sample size and voxelwise threshold. Group maps for wild-type rats were shown at a low threshold without family-wise error correction (voxel-level Po0.025 and cluster size40 voxels) to demonstrate no activation.
ROI analysis. ROIs (ipsilateral and contralateral to the stimulated side) were manually drawn on the high-resolution anatomical images of individual rats and corresponded to the brain regions defined by the Paxinos and Watson 30 brain atlas. Even though group functional maps influenced our choice of ROIs, these ROIs included whole anatomical structures and were drawn blind to the spatial pattern of functional activation within those anatomical regions. DS was also blindly sub-divided into four ROIs (dorsomedial, dorsolateral, ventromedial and ventrolateral). No voxel in an ROI mask was assigned to more than one ROI, and some remaining partial volume effects are expected at the ROI boundaries due to the limited spatial resolution of fMRI.
For each rat, activation t-values (from single animal functional maps), time courses (% signal changes across time), SNRs and BV indices were averaged across all voxels within each ROI (un-thresholded). To compare activation t-values between groups (Th::Cre, NB Th::Cre and wild-type), Brown-Forsythe analyses of variance (ANOVAs) that do not assume homogeneity of variances were performed for each ROI. For significant ROIs, post hoc planned comparisons were conducted using two-sample t-tests for unequal variances between (i) Th::Cre rats and wild-type rats and (ii) wild-type rats and NB Th::Cre rats.
To directly compare the relative t-value, BV and SNR data across ROIs in the striatum only of Th::Cre rats, ROI values were normalized by the sum of the values across the striatal ROIs. One-way repeated measures ANOVAs with ROI as the within-subjects factor were then used to compare these relative ROI measures across subdivisions of the striatum, and Greenhouse-Geisser correction was applied whenever necessary. All statistical analyses for ROIs were conducted in SPSS (IBM, Armonk, NY, USA).
fMRI data exclusion criteria. To strictly eliminate controllable sources of hemodynamic contamination in our fMRI data, we removed fMRI runs with stimulation-evoked MABP fluctuations. For this, we correlated the measured MABP time course with the stimulation time course. If the Pearson's correlation was significant at Po0.01 and a MABP change during stimulation was greater than 1 s.d. from the baseline, then the corresponding fMRI run was removed. A run was excluded if a MABP change was observed during any of the four stimulations or if MABP data were not acquired. This resulted in the exclusion of all BOLD fMRI runs for two Th::Cre rats. For all other rats, a total of one to six runs was analyzed per animal and fMRI contrast. One rat was also removed from CBVw group functional maps for Th::Cre rats because of poor anatomical image normalization. The resulting sample sizes are depicted in Supplementary  Table 1 .
Forepaw stimulation
Imaging. Following the completion of VTA stimulation and imaging experiments, additional CBVw fMRI images were acquired for wild-type and NB Th::Cre rats during forepaw stimulation to verify that their hemodynamic responses were intact. To stimulate the forepaw, nonmagnetic needle electrodes were subcutaneously placed in both forepaws below digits two and four. Rats were maintained at 0.9-1.4% isoflurane, and electrical pulses (1.5-3.7 mA, 1 ms stimulus duration, 8 Hz) 34 were delivered to the left and/or right forepaws in a block design (10-20 s stimulus on, 50 s recovery, 8-12 repetitions). CBVw fMRI images were acquired using the same parameters as VTA stimulation experiments within each animal.
Forepaw data analysis. Single animal functional activation maps for forepaw stimulation were calculated similar to VTA stimulation activation maps, as explained in the previous section. For the ROI analysis, contralateral and ipsilateral primary somatosensory cortex (S1) ROIs (in reference to the stimulated forepaw side) were drawn blindly based on anatomical boundaries defined by the Paxinos and Watson 30 atlas. fMRI activation t-values of all voxels (un-thresholded) within the S1 ROIs were averaged for each hemisphere and rat. As both forepaws (left and right) were simultaneously stimulated for one wild-type rat, the average of both hemispheres served as the contralateral data point, with no ipsilateral reference point. For all other rats, contralateral and ipsilateral activation t-values were separately calculated. Then, a two-sample t-test was conducted to compare activation in contralateral and ipsilateral S1.
RESULTS
The experimental design and post-imaging histology results are depicted in Figure 1 . Th::Cre and wild-type rats received infusions Figure 1 . Experimental design, histology and behavior. (a) Experimental design. 1 A subset of rats (six Th::Cre and three wild-type) were characterized behaviorally in an intra-cranial self-stimulation (ICSS) task prior to functional magnetic resonance imaging (fMRI) scanning. 2 Two Th::Cre rats were excluded from the Th::Cre group fMRI data analysis owing to low levels of channelrhodopsin-2 (ChR2) integration in ventral tegmental area (VTA) and weak expression of ICSS behavior (also see Figure 1h ). of Cre-dependent AAV constructs encoding ChR2 in the VTA before optical fibers were implanted for unilateral optogenetic activation of VTA dopamine neurons (Figures 1a and b ). After allowing 46 weeks for viral integration, opto-fMRI experiments were conducted in lightly anesthetized rats (maintained at 0.7-1% isoflurane) in a 9.4-T MRI scanner (Figure 1c ). Functional images were acquired while VTA was optically stimulated transiently for 20 s at 20 Hz (Figure 1c ). We used unilateral, as opposed to bilateral, optogenetic control of VTA dopamine activity in combination with fMRI to separate ipsilateral, contralateral and bilateral neuronal control.
Post-experiment histology confirmed that optical fibers targeted the right VTA (Figure 1d and Supplementary Figure S1 ). Viral expression of ChR2 (61% of TH+ cell bodies co-expressed ChR2-eYFP) was highly specific to dopamine neurons in VTA (96% of ChR2-eYFP+ cell bodies also expressed TH) (Figures 1e-g) . Activation of VTA dopamine neurons is reinforcing; 29 therefore, to gain a sense that we were sufficiently stimulating dopamine neurons in Th::Cre animals, some of the Th::Cre and wild-type rats were behaviorally characterized in an ICSS operant task before the opto-fMRI experiments. Out of the rats tested, most Th::Cre rats expressed robust ICSS behavior, but two Th::Cre rats and all wildtype rats executed very few nose pokes in this task (Figure 1h ). Histology confirmed that the two 'behaviorally non-responsive' Th::Cre (NB Th::Cre) rats expressed low levels of ChR2 in VTA compared with the 'behaviorally responsive' Th::Cre rats (examples shown in Figure 1h ). None of the wild-type rats expressed ChR2 in VTA (example in Figure 1h ).
Global fMRI responses to optogenetic stimulation of VTA dopamine neurons
Because of the obvious behavioral and histological separation, NB Th::Cre rats were excluded from Th::Cre group functional maps and analyzed as a separate 'inadvertent control' group in the ROI analysis. Their individual functional maps also showed no activation during VTA optical stimulation for BOLD and CBVw fMRI contrasts (data not shown). As all other Th::Cre rats (including those not characterized in ICSS) showed sufficient ChR2 integration in VTA (comparable to the Th::Cre example in Figure 1h ) and similar activations in individual functional maps during VTA stimulation, they were included in the Th::Cre group analysis.
Group-brain maps. The group analysis revealed that optical stimulation of VTA dopamine neurons in Th::Cre rats increased BOLD signals in voxels mostly within the dorsal part of the striatum (Figures 2a and b and Supplementary Figure S2 ). A few significantly activated voxels were also observed in the VS (includes the NAc), GP and hippocampus. As BOLD signals are influenced by baseline CBV, 26 we speculated that the observed robust activation in DS and relatively weak activation in the VS might result from a greater baseline CBV in the dorsal compared with the ventral striatal areas. To address this possibility, we examined fMRI signals using a CBV contrast method. CBVw fMRI has been shown to reduce large vessel artifacts and improve sensitivity around microvessels near the activated neurons. 27, 28 CBVw functional maps for Th::Cre rats showed significant activation in response to VTA dopamine stimulation in a larger number of voxels compared with the BOLD maps, verifying the improved sensitivity of the CBVw method (Figure 2b and Supplementary Figure S2 ). Significant voxels were observed in both DS and VS, orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), ventral pallidum (VP), GP, hippocampus, amygdala complex and thalamus. However, activation was still concentrated in the dorsal part of the striatum. There was no significant change in BOLD or CBVw activity throughout the brain of wild-type rats upon optical VTA stimulation (Figure 2c ). Activation maps in Figure 2c are shown at a low threshold (no family-wise correction) to demonstrate a lack of any activation. As a positive control, fMRI activation was observed in S1 during forepaw stimulation in wildtype and NB Th::Cre rats (Supplementary Figure S3 ), indicating that their hemodynamic response was intact.
ROI analysis. To complement the group activation maps, we performed ROI analyses using un-thresholded data. The ROIs were chosen based on known output regions of VTA dopamine neurons 6, [35] [36] [37] [38] and observed signal changes in group activation maps. A control ROI was also drawn in S1 to assess any nonspecific changes from VTA stimulation, given that no activation is expected here. ROIs were drawn as depicted in Figure 2a . Note that the boundaries of VS ROIs were drawn around the NAc, and the olfactory tubercle was excluded.
We examined BOLD activation in ipsilateral (right) forebrain areas that receive substantial projections from VTA dopamine neurons and detected a significant difference between Th::Cre and wild-type rats in VS only (Figure 3a ). In addition, we observed a significant difference in BOLD activation between Th::Cre and wildtype rats in basal ganglia regions-DS and GP-that receive sparse or no projections from VTA dopamine neurons. 6 CBVw activation was significantly different between Th::Cre and wildtype rats in many ipsilateral limbic forebrain areas that receive substantial VTA dopaminergic innervation, including VS, VP, OFC and amygdala, and in regions that receive sparse/no VTA dopamine innervation, such as DS, GP, thalamus and hippocampus 6, [35] [36] [37] [38] (Figure 3b ). In the contralateral (left) hemisphere, only the thalamus CBVw activation was significantly different between Th::Cre and wild-type rats (Supplementary Figure S4) . Compared with the right DS activation (t-value41.5 for BOLD and CBVw), fMRI responses in other regions, including right VS, were much weaker (t-valueo1 for all other ROIs). Because activation was mostly specific to the stimulated hemisphere (except thalamus) and was absent in S1 (Figures 3a and b) , it is unlikely that the observed BOLD and CBVw responses in Th::Cre rats were mediated by residual blood pressure changes, global vascular effects or motion. There was no significant difference in BOLD and CBVw activation between wild-type rats and NB Th::Cre rats for any ROI, suggesting that the observed activation patterns were related to the levels of ChR2 in VTA and expression of VTA dopamine stimulation-dependent ICSS behavior.
To further examine the spatial pattern of activation in the striatum of Th::Cre rats, we sub-divided the right DS into four ROIs. Medio-lateral divisions were drawn as described in the literature. 39, 40 Medial and lateral divisions of the DS are thought to be anatomically and functionally distinct because they receive different inputs and are, respectively, implicated in associative/ limbic versus sensorimotor functions. 39 The medial and lateral divisions were further divided in half to get dorsal and ventral subdivisions (Figure 3c ). Relative activation t-values were significantly different among subdivisions of the striatum, and the strongest BOLD and CBVw activations upon VTA stimulation were observed in the dorsomedial division, followed by the dorsolateral area of the DS (Figure 3c ). The weakest activation was observed in the VS. To determine whether baseline SNR and BV can explain the greater activation in DS compared with VS, we compared these factors across striatal subdivisions. Relative BV and SNR for BOLD and CBVw contrasts were significantly different among striatal subdivisions, and the smallest BV and SNR were observed in the VS (Figure 3c ). However, a 3.33% average difference in BV and 4.57% (CBVw) to 5.43% (BOLD) average SNR difference between VS and the dorsomedial striatum are unlikely to account for the large difference (24.16% for BOLD and 21.05% for CBV, on average) in activation t-values between these regions. In general, in spite of statistically significant differences in BV and SNR, these measures were comparable across striatal subdivisions and may not explain the observed spatial distribution of fMRI activation. However, other possibilities cannot be ruled out, such as differences in neural-hemodynamic coupling mechanisms and/or the dynamic range of activating blood vessels between VS and DS subdivisions. Time courses. The mean time courses across Th::Cre rats from significant ROIs are plotted in Supplementary Figure S5 (no threshold applied). In the right DS, fMRI signals increased gradually and peaked at 1.5 ± 0.2% at 16.8 ± 2.6 s for BOLD and 2.0 ± 0.4% at 18.4 ± 1.6 s for CBVw, respectively. Compared with DS, the peak BOLD and CBVw signal changes in the right VS (BOLD: 1.2 ± 0.2% at 21.6 ± 3.3 s, CBVw: 1.7 ± 0.3% at 24.6 ± 2.4 s) were weaker. Percent signal changes in other activated ROIs were much weaker but exhibited similar slow temporal dynamics in which the signal peaked near the end of stimulation.
Specificity of activation of VTA dopamine neurons
Because of the inevitable spread of virus and ChR2 expression to the adjacent structures, it is possible that some of the observed fMRI activations were mediated by stimulation of dopamine neurons in the substantia nigra (SN) and other midbrain nuclei. We are, however, confident that we primarily stimulated VTA dopamine neurons for several reasons. First, the optical fiber placements were medial in the VTA of most animals ( Supplementary Figures S6 and S7 ) and, thus, optical stimulation was unlikely to have strongly activated SN neurons. Second, regardless of the exact VTA optical fiber placement, we consistently observed a striking DS activation in the individual maps of all Th::Cre rats (excluding NB Th::Cre rats, example activation maps for two rats shown in Figure 4 ). This point is further demonstrated by directly comparing striatal activation between two rats with medial and lateral placements of optical fibers in VTA (Figure 4) . Because of the very medial location of the fiber tip in rat #3460 and low laser output (power = 2.5 mW at fiber tip, irradiance = 1.83 mW mm − 2 at 500 μm from fiber tip), it is highly unlikely that SN dopamine neurons were activated during optical stimulation of VTA. The predicted blue light irradiance during stimulation even at the medial edge of SN was o0.47 mW mm − 2 , which is not sufficient to elicit action potentials. 41 However, optical stimulation robustly increased CBVw activity in the DS of this rat (Figure 4a ). In contrast, because of the lateral location of the fiber tip and higher laser output (power = 5 mW at fiber tip, irradiance = 3.66 mW mm − 2 at 500 μm from fiber tip) in rat #3446 (Figure 4b ), there was a greater possibility of activating SN dopamine neurons with stimulation. Activation maps of this rat still revealed strong CBVw activation in the DS. The similarity of the fMRI activation maps between these Figure S2 for group maps with different thresholds). (c) Wild-type (n = 4 for BOLD and CBVw) rats do not exhibit any increase in BOLD and CBVw activity in the whole brain even at a low threshold (voxel-level P o0.025 and cluster size40 voxels) upon optical VTA stimulation. Color bar indicates t-values. Voxel size: 125 μm × 125 μm × 1 mm. Amy, amygdala; DS, dorsal striatum; GP, globus pallidus; Hipp, hippocampus; mPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; PS, posterior striatum; S1, primary somatosensory cortex; Thal, thalamus; VP, ventral pallidum; VS, ventral striatum.
two rats further indicates that weaker VS versus stronger DS activation is not due to preferential stimulation of SN dopamine neurons.
DISCUSSION
The current study establishes causation between activation of VTA dopamine neurons and fMRI responses in VTA dopamine-innervated limbic regions that include the VS, VP, OFC and amygdala. fMRI activation was also observed in regions that do not receive substantial VTA dopamine projections, such as thalamus, hippocampus and basal ganglia regions (DS and GP). 6, [35] [36] [37] [38] In particular, DS exhibited the most robust BOLD and CBVw signal increase, compared with other regions, upon activation of VTA dopamine neurons. These results, thus, suggest a potentially novel and dynamic VTA-basal ganglia circuit associated with phasic activation of VTA dopamine neurons.
Contribution of dopamine neuron activation to hemodynamic signals
The most straightforward explanation for the observed hemodynamic changes in downstream areas that receive dense dopamine innervation from the VTA, including VS, is enhanced local dopamine release. We, however, also observed significant fMRI activations in regions, such as the DS and GP, that are not traditionally considered part of the VTA dopaminergic system. 8 Although a recent study identified considerable collateral projections from VTA dopamine neurons to medial and lateral DS, 42 decades of tracing studies have indicated that VTA dopamine neurons send sparse projections to DS, most of which terminate in the very medial edge of DS and none in GP. 6 Furthermore, optogenetic stimulation of VTA dopamine neurons elicits phasic dopamine release selectively in VS and not in DS. 43 Hence, given the robust fMRI activation in DS that is two times larger compared with the response in VS, local dopamine release from direct dopaminergic projections cannot entirely explain the observed fMRI signals in DS.
In light of recent studies indicating that selective activation of dopamine fibers elicits net inhibition in striatal projection neurons, 44, 45 it is further unlikely that dopamine projections to the striatum monosynaptically mediate the robust fMRI activation in this region. In fact, fMRI activations are primarily attributed to changes in glutamate neurotransmission; blockade of local glutamate receptors profoundly reduces hemodynamic fMRI signals, 46 and 480% of glucose metabolism in the rat cortex is Post hoc two-sample t-tests resulted in significant differences in BOLD t-values between Th::Cre and wild-type rats in these ROIs: VS (t(7) = 4.376, P = 0.009), DS (t(7) = 4.879, P = 0.008) and GP (t(7) = 3.643, P = 0.012). CBVw t-values were significantly different between Th::Cre and wild-type rats in these ROIs: VS (t(9) = 5.639, P = 0.001), VP (t(9) = 3.013, P = 0.021), OFC (t(9) = 2.460, P = 0.038), amygdala (t(9) = 2.409, P = 0.040), DS (t (9) = 5.472, P = 0.001), GP (t(9) = 3.397; P = 0.012), thalamus (t(9) = 2.817, P = 0.022) and hippocampus (t(9) = 2.523, P = 0.033). There was no significant difference between NB Th::Cre and wild-type groups for any ROI. *Po 0.05, **P o0.01. (c) DS of Th::Cre rats was divided into four quadrants (DM, dorsomedial, DL, dorsolateral, VM, ventromedial and VL, ventrolateral) as indicated in the anatomical images with overlaid atlas figures (top). BOLD and CBVw t-values, BOLD and CBVw baseline signal-to-noise ratios (SNRs), and baseline blood volume (BV) indices were expressed as percentages of summed total values across the five subdivisions of striatum, including VS (bottom). One-way repeated measures ANOVAs yielded significant differences among subdivisions of the striatum in relative activation t-values for BOLD (F(4, 16) = 53.067, P = 0.000, n = 5 rats) and CBVw (F(4, 24) = 26.913, P = 0.000, n = 7 rats, Greenhouse-Geisser corrected) contrasts. Repeated measures ANOVAs also resulted in significant differences among striatal subdivisions in relative BV (F(4, 24) = 16.623, P = 0.000, n = 7 rats) and relative SNR for BOLD (F (4, 16) = 76.71, P = 0.000, n = 5 rats) and CBVw (F(4, 24) = 37.34, P = 0.000, n = 7 rats) contrasts. Amy, amygdala; DS, dorsal striatum; GP, globus pallidus; Hipp, hippocampus; mPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; PS, posterior striatum; S1, primary somatosensory cortex; Thal, thalamus; VP, ventral pallidum; VS, ventral striatum. estimated to be due to glutamate release and uptake. 47 Given this body of evidence, we propose that the robust fMRI response in DS is mediated, at least in part, by network-level interactions involving long-range basal ganglia-thalamic-cortical loops that may terminate in the striatum via convergent glutamate projections. 48, 49 There are several potential networks that may be involved. For example, VTA dopamine modulation of VS neurons can influence thalamic neurons (directly or indirectly via the pallidum). 48, 50 A change in thalamic activity may then influence DS fMRI signals via direct thalamic glutamate projections or via modulation of cortical efferents to the DS. 49 This proposed divergence of signal from the VS to thalamic and cortical areas and eventual convergence of glutamatergic inputs to the DS may amplify fMRI responses in this region. Consistent with this potential mechanism, we observed significant fMRI responses to VTA dopamine stimulation in the thalamus, pallidum and cortical areas such as the OFC. Further studies including pharmacology and recording from DS and thalamic/cortical neuronal ensembles are necessary to delineate this proposed mechanism.
Of note, a recent study reported that activation of VTA dopamine neurons did not greatly increase forebrain BOLD fMRI signals, 51 in contrast to our observations in the present study. We speculate that differences in the anesthesia choice and depth, lower BOLD sensitivity at the 4.7-T magnetic field, and length of VTA stimulation (8 s compared with 20 s) may contribute to this discrepancy. The latter possibility may have a significant role because the VTA stimulation-dependent activation time courses that we observed were very slow, and activation tapered off soon after the stimulus offset. In the current experiment, the percent BOLD signal change in DS was only 0.47 ± 0.24% at 8 s, which is expected to be less at 4.7-T and may be below the limits of detection.
Functional relevance of VTA-DS activation Mesolimbic projections from VTA and nigrostriatal projections from SN are generally thought to be distinct dopaminergic systems that modulate processes mediated by VS and DS, respectively. 6, 8, 52 Although the lack of clear separation between VTA and SN and their projection targets has also been recognized, 6 the present finding that activation of VTA dopamine neurons robustly increases DS fMRI activity suggests that there is considerable functional overlap between mesolimbic and nigrostriatal systems. Thus, activation of VTA dopamine neurons may influence classic non-limbic basal ganglia-related motor/cognitive functions. It is interesting that within the DS, stronger activation was observed in dorsal areas, with the medial dorsal half exhibiting slightly greater activation than the lateral dorsal half. The medial (associative striatum) and lateral (sensorimotor striatum) divisions of DS receive different cortical and subcortical inputs and are involved in 'cognitive control' functions and goal-directed motor-learning versus expression of habitual/ skilled behaviors, respectively. 7, 39 Further studies are necessary to determine the relation of the activation pattern within DS to the topography of inputs to DS and the functional consequence of VTA dopamine activation in associative/cognitive versus habitual behaviors.
Relevance to human neuroimaging and psychiatric disorders The existence of a functional VTA-DS/GP circuit has implications for disorders that are traditionally associated with either the mesolimbic or non-limbic basal ganglia regions. For example, schizophrenia is considered primarily a disorder of the VTA dopaminergic system, and animal models of schizophrenia focus heavily on VTA-innervated regions, in particular the VS/NAc. 3, 53 Human imaging studies, however, have shown abnormal hemodynamic activity in DS as well as VS in schizophrenia. 13, [54] [55] [56] [57] Recent studies have further implicated dopamine neurotransmission in the associative regions of the DS, but not VS, in schizophrenia and the vulnerability to develop the disorder. 58, 59 Although the human DS findings may have been interpreted as a departure from the involvement of limbic circuits in the pathophysiology of schizophrenia, 58 the present data suggest that the DS dysfunctions are consistent with the 'mesolimbic dopamine hypothesis' of schizophrenia.
Similarly, although most animal research on addiction focuses on the VTA to VS/NAc circuit, abnormal fMRI activity is observed in both DS and VS in addictive disorders. 1, 11, 60, 61 Only recently has the crucial role of DS in addiction been recognized, and this has been explained in terms of alterations in mesostriatal projections from SN. 11 Our data, however, suggest that DS abnormalities in addiction could result directly from cellular adaptations in and aberrant activation of VTA dopamine neurons. Evidence of heightened BOLD activity in both DS and VTA but moderate activation in NAc of heavy drinkers compared with social drinkers during exposure to alcohol-related cues 60 supports the idea of an aberrant VTA to DS circuit in addiction.
Methodological considerations
Several potential methodological concerns should be addressed. First, a recent study reported significant ectopic Cre expression in the VTA of Th::Cre mice, 62 suggesting that optogenetic stimulation in Th::Cre transgenic lines may activate non-dopamine cells. The Th::Cre rat strain we used here, however, is a different genetic line, and we and others 29 have observed very little ectopic expression of ChR2 in the VTA of these rats. Thus, it is unlikely that our results are due to significant activation of non-dopamine VTA neurons.
Second, optogenetic stimulation of VTA dopamine neurons is, obviously, an artificial method of activation and may result in synchronous firing of a large group of dopamine neurons. This may not represent the spatial and temporal dynamics of VTA neuron firing that we typically observe during task performance. 63, 64 Regardless, the results of the current study are important because they highlight the existence of VTA dopaminedependent dynamic circuits that may come online during certain behaviors or pathological conditions. Finally, the choice and level of anesthesia could have impacted our observed fMRI activation maps. For example, isoflurane anesthesia suppresses BOLD fMRI activation, 65 which could explain the paucity of significant BOLD activations outside the striatum in the present study. We accounted for some of this anesthesia-induced reduction in sensitivity by the use of a CBV contrast that increased fMRI activations in many areas.
CONCLUSIONS
Optogenetic stimulation of VTA dopamine neurons increased fMRI signals in regions, such as the VS, that are directly innervated by these neurons. Concomitant activation was observed in the dorsal striatal and pallidal regions of the basal ganglia that do not receive considerable dopamine innervation from the VTA. These results suggest a functional interaction between phasic activation of VTA dopamine neurons and basal ganglia systems, providing a novel circuit-level framework that may be critical for reassessing existing theoretical models about striatal-dependent normal functions and brain disorders, such as schizophrenia and substance abuse disorder.
